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Bainite microstructure in alloy steels yields materials with an excellent combination of mechanical properties such as high strength and toughness, resistance to creep and fatigue, and hydrogen embrittlement. 1, 2) During cooling, bainite transformation is initiated at the bainite start (Bs) temperature, which is the highest isothermal temperature at which upper bainite is observed, and ceases when the temperature reaches the martensite start (Ms) temperature. Addition of alloying elements mostly lowers the Bs temperature. Especially, carbon and manganese known as strong austenite stabilizing elements effectively decrease the Bs temperature. Several quantitative investigations have been performed to determine the relationship between the addition of alloying elements and Bs temperature variations in alloy steels. Some empirical equations have been proposed to predict the effect of adding alloying elements to carbon and alloy steels on Bs temperature. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Prior austenite grain size (PAGS) can also affect the Bs temperature. Lee et al. 13) reported that Bs temperature decreased with decreasing PAGS. Bs temperature variations due to the decrease in PAGS simultaneously influenced bainite transformation kinetics. [13] [14] [15] However, few researchers have attempted to develop the equations for Bs temperature by considering both chemical composition and PAGS effects. Therefore, in the present study, we developed a simple empirical equation for Bs temperature prediction that includes both the alloying element effect and the PAGS effect based on experimental data obtained from the literature. We compared the accuracy of our empirical equation with existing equations and verified the performance of our equation using experimental data.
Experimental Bs temperature data for carbon and alloy steels were extracted from published time-temperaturetransformation (TTT) diagrams. 16) Both chemical composition and PAGS were used to evaluate existing equations and to derive a new equation. We selected the following alloying elements in the present work: C, Mn, Si, Ni, Cr, and Mo.
Data for other alloying elements were excluded. The chemical composition range of the selected steels was limited to that of low alloy steels, thus high alloyed steels such as a stainless steel was excluded. Ranges of chemical composition, PAGS, and B s temperature used for equation derivation are summarized in Table 1 . The total number of B s data points used in the present work was 97.
The effects of alloying elements on B s temperature prediction are generally expressed by a linear type relationship as follows: [3] [4] [5] [6] 8, 10) . (1) where k i is the coefficient for the alloying element i (°C/wt%), x i is the amount of alloying element i (wt%), and B s,0 is the B s temperature of pure iron. Several empirical equations to predict the B s temperature have been proposed by multiple investigators [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and are summarized in Table 2 . While Eq. (1) considers only a linear type relationship, some investigators have proposed polynomial-type equations, 7, 9, 11) product-type equations to consider interactions between alloying elements, 11) and exponential-type equations for carbon addition.
12) Existing equations have indicated that carbon, a very strong austenite stabilizer, is the most effective alloying element at decreasing the Bs temperature, thus nonlinear type equations, such as polynomial and exponential functions, should be used. Coefficients used in the equations listed in Table 2 were determined by fitting experimental data. The equations predict a wide range of Bs,0 values ranging from 630°C to 844°C. As mentioned above, the PAGS also affects the Bs temperature of alloy steels. All empirical equations listed in Table 2 (2) where xi is the amount of alloy element (i) in wt% and dγ is the average austenite grain diameter assuming a spherical austenite grain. Equation (2) where the amount of each alloy element is in wt% and dγ is the average diameter of prior austenite grains in micrometers.
Bs temperatures calculated using the existing equations and measured Bs temperatures that were used to derive Eq. (4) are shown in Fig. 1 . To quantify the difference between the Bs temperatures calculated using the various equations and the experimentally measured Bs temperatures, the mean squared error (MSE) was calculated as shown below:
.................. (5) The MSE value is the average of the squares of the difference between the calculated result ( ) and experimental data ( ). A low MSE value (close to zero) indicates a highly accurate equation. Calculated Bs temperatures obtained using B03, B04, and B05 equations were much lower than those obtained experimentally. There are several possible reasons for this: (1) lack of consideration of alloying elements such as Si and Mo, (2) an overestimated coefficient for carbon, and/or (3) discrepancies in the experimental data used. Some of the Bs temperatures calculated using the B01 and B07 equations were lower and higher than the experimental data, respectively. The rest of the equations showed a comparatively good match with the experimental data even though these data points were not used to derive the equations. The B02 equation proposed by Kirkaldy and Venugopalan had smaller MSE values than the others; all differences between measured and calculated Bs temperatures were less than ±50°C. Figure 2 shows the accuracy of Bs temperature calculation achieved using Eq. (4); the proposed equation can reproduce experimental data accurately. All predicted Bs temperatures were within 30°C of the experimental data. In addition, 94 data points among the total 97 data points showed the deviation below 25°C. The MSE values obtained by previous equations in Table 2 and the proposed equation in this study are compared in Fig. 3 . The smallest MSE value by Eq. (4) proves the accuracy of the new equation due to the consideration of the PAGS effect.
Variation in the experimental Bs temperature data with PAGS allowed us to determine the accuracy of grain size dependence in the proposed equation. Figure 4 shows the calculated Bs temperature variations according to PAGS changes compared with the measured Bs temperatures of AISI 4340 steel.
13) The chemical composition of AISI 4340 steel is Fe-0.39%C-0.65%Mn-0.24%Si-1.60%Ni-0.67%Cr-0.15%Mo (in wt%), which is in the range of the chemical compositions of alloys shown in Table 1 Table 2 ). © 2014 ISIJ PAGS agreed well with the measured data in the error range of ±30°C. Variation of the Bs temperature with PAGS was observed directly from continuous cooling transformation strain curves using a dilatometer. 13) The measured Bs temperatures were used to verify Eq. (4), as shown in Fig. 4 . Recently, Lee and Van Tyne 18) investigated the PAGS effect on phase transformations of air-cooled 16MnCr5 steel. They reported that the bainite volume fraction calculated by considering the decrease in Bs temperature as the PAGS decreased showed a good match with the experimentally measured volume fraction of bainite. This implies that variation in PAGS directly affects the Bs temperature and changes the transformation kinetics and volume fraction of bainite, thereby influencing the mechanical properties of the final material. Whereas they proved the relationship between the Bs temperature and the PAGS based on the numerical analysis for 16MnCr5 steel, the present authors formulated the Bs temperature varied with the PAGS and alloying element which is applicable to various alloy steels.
To summarize, we proposed a new empirical equation to calculate the Bs temperature that takes both the chemical composition effect and the PAGS effect into account. The term related to suppression of bainite formation due to PAGS refinement was adopted in a polynomial type equation based on the chemical composition effect. Our proposed equation predicted the experimental data better than existing equations for various alloy steels with various PAGS values. Our proposed equation for calculating the Bs temperature can be employed to accurately determine the bainite transformation kinetics of alloy steels. 
